Growth rates of two halophilic phytoflagellates, Dunaliella euchlora Lerche and D. salina Teodoresco, were studied in mixed batch cultures grown in filtered, axenic brines from Lake Grassmere, New Zealand. Forty-five combinations of temperature, salinity, and light intensity were used.
S at a light intensity of 126 µE m -2 s -1 . D. euchlora showed maximum growth rate of 1.16 doublings day -1 at 20°C, 120 × 10 -3 S at a light intensity of 180 µE m -2 s -1 . Predicted maximum values of 1.41 and 1.14 doublings day -1 respectively were obtained from regression models based on 45 replicate treatment combinations. In decreasing order of importance, temperature, salinity, and light intensity influence growth rates of brine algae. The optimum temperature for growth of both species increased as the salt concentration increased but decreased with increasing light intensity.
INTRODUCTION
The economic viability of salt production in commercial solar salt works worldwide, is influenced by the species composition and density of brine algae, and the relative abundance of brine bacteria and the brine shrimp Anemia in ponds. Davis (1979 Davis ( , 1980 highlighted the importance of biological balance between the bottom and planktonic algae as primary producers, the brine shrimp Artemia as a primary grazer, and red halophilic bacteria of the genus Halobacterium as a nutrient recycling agent.
The importance pf planktonic, unicellular brine algae is greatest in the ponds of intermediate salinities of 180 X 10~3 (Davis 1980 ), but they continue to play an important role in ponds of higher salinities up to salt saturation, periodically blooming to concentrations of several million cells per millilitre. Artemia, as a constant and indiscriminate particulate feeder, must effectively crop unicellular algal production in the intermediate salinity ponds and maintain a biological balance if large, clear salt crystals of good quality are to be produced in the final crystallising ponds (Davis 1980 ). This present work was carried out as part of a comprehensive study on the biology and ecology of Artemia fransiscana at Lake Grassmere, New Zealand Wear & Haslett in press a, b; Wear et al. in press) . Lake Grassmere is a 1782 ha former saltmarsh reclaimed for solar salt production in 1954, and is located at the northern tip of the South Island, New Zealand (41°43'S, 174°10'E). Mean monthly water temperatures range from about 5°C (winter) to 22°C (summer), but daily maxima may exceed 30°C in summer when the highest salinity concentrating ponds are drained to the crystallisers (Wear & Haslett in press a) . Brine flows are manipulated so that high salinities are maintained and progressively increased in the interest of commercial salt production. The salinity of ponds in which D. euchlora and D. salina dominate rarely falls below 100 X 10~3. Annual sunshine exceeds 2000 h y-', but light intensities which actually penetrate the water column in differing conditions of wind-induced turbidity and changing algal cell density are unknown. Nutrients remain at high levels by way of run-off from the agricultural catchment, which is aerially fertilised . Details of the saltfield layout and flow patterns are published in and further data on the Lake Grassmere biotope in relation to the ecology of Anemia fransiscana are given in Wear & Haslett (in press b) .
Dunaliella euchlora and D. salina are the principal food of the Lake Grassmere strain of Anemia fransiscana. Algal concentrations measured in ponds sampled from August 1981 to April 1982 varied from 7000 to 1 032 500 cells ml" 1 with an average value of 203 800 cells ml 1 and the two species always co-occurred. Minimum algal concentrations recorded by were not considered limiting for Artemia growth, but in view of the consideration being given to harvesting, brine shrimp commercially, and the need to culture D. euchlora and D. salina as their algal feed in laboratory experiments (Wear & Haslett in press; Wear et al. in press) , the question of algal growth rates and densities achievable in the absence of A rtemia grazing pressure arose.
An enormous number of studies have been carried out in laboratories on the effects of individual factors such as salinity, temperature, and light on growth of many organisms (for review see Eppley 1977) . Little quantitative work, however, has been published on the interactive effect of temperature, salinity, and light on growth of brine algae in hypersaline media in spite of their importance in solar salt systems worldwide. More recently, BenAmotz et al. (1982) studied the combined effects of temperature and sal) concentration of the medium on the accumulation of |3-carotene in relation to the growth of D. bardawil and D. salina.
The present study examines the interactive effects of salinity, temperature, and light intensity on the growth rates of D. euchlora and D. salina isolated from Lake Grassmere and grown in mixed batch culture using adequate nutrients and brines from Lake Grassmere concentration ponds so as to approximate the quality of natural growth media as closely as practical. A recent study of growth interaction between marine dinoflagellates in multispecies experiments (Kayser 1979) shows that during the exponential growth stage, the initial generation time of the suppressed species remains unaffected. In this study no attempt is made to determine growth rates of the two species in isolation or how their growth rates covary.
MATERIALS AND METHODS
Natural brine was taken from two Lake Grassmere concentration ponds of 100 and 250 X 10~3 salinity and mixed to a final salinity of 190 X 10~3 to ensure that the bulk brine (190 X 10" 3 ) used in the experiments contained nutrients, organic material, and inorganic salts representing the full range occurring in intermediate and high salinity ponds. Bulk brine was filtered through a nominal 0.8 um pore size Sartorius cellulose nitrate membrane filter (47 mm diameter) and stored at 4°C. Nutrient concentrations were 2 ^g 1 ' NO 3 -/NO 2~ nitrogen, 135 ug h 1 NH 3 nitrogen, and 39 ug 1 ' dissolved reactive phosphate (DRP). Nutrient analysis of brines was carried out by the Chemistry Division, DSIR. Procedures for ammonia, nitrate, and DRP followed Smith et al. (1982) except that samples for ammonia analysis were diluted 5 times to avoid calcium and magnesium precipitation. Bi-algal non-axenised cultures of Dunaliella euchlora (12.7 X 4.8 m) and D. salina (14.8 X 9.5 m) were isolated from natural brine of 260 X 10~3 salinity and grown as stock cultures in autoclaved bulk brine at 19°C under 12:12 h lightrdark cycle (L ^ 100 uE m 2 s" Tables 1  and 3 as SO, SI, and S2 respectively. These designations refer to the number of layers of neutral screen 1 mm nylon mesh used to cover the culture flasks in achieving the 3 light intensities. Light levels in the constant temperature room were measured with a LICOR quantum meter. Temperatures were chosen to cover the range of monthly mean Lake Grassmere pond temperatures 1981-82 and maximum summer temperatures (Knight 1974) ; salinities simulated the range occurring in the intermediate to high salinity ponds during spring, summer, and autumn .
Experimental salinity of 120 X 10~3 was obtained by diluting the bulk supply with distilled water; the 260 X 10~3 culture medium was obtained by dissolving NaCl up to the required concentration. To offset any possible effects of lower baseline nutrient levels in the media, and to ensure nutrients were always in excess during experiments, levels were increased to 152 ug I 1 NO 3 7NO 2 -nitrogen, 135 ug 1 ' NH 3 nitrogen, and 49 ug I 1 DRP in 190 and 260 X 10" 3 media, and to at least 60% of these concentrations in 120 X 10~3 using the fl nutrient formula of Guillard and Ryther (1962) . These values were an order of magnitude higher than levels used by Ben-Amotz et al. (1982) to achieve All culture media were dispensed and autoclaved in 500 ml conical flasks cleaned with 3N HC1; 2 ml of the stock bi-algal mixture containing about 2000 cells ml" 1 D. salina and about 20 000 cells ml" 1 of the dominant D. euchlora in exponential growth phase was subsequently inoculated in each medium. The comparative small volume of inoculum used was to ensure that the salinity in each culture was the same or only very slightly different from the upper and lower set levels. Overhead illumination was provided by 8 'cool-white' fluorescent lamps located about 0.5 m above the cultures in a constant temperature room with 12:12 h L:D photoperiod. Cultures were shaken at least once daily to prevent cell clumping. One 20 ml subsample was removed from each culture flask during the early hours of the light period at 2-day intervals following inoculation until the cells of each species had in most instances reached stationary growth phase. Subsamples were preserved in 1% Lugol's iodine solution and counted within two weeks. Mean cell numbers were calculated from 10 counts using a standard haemacytometer. Time periods during which exponential phase growth occurred were identified by examining the 45 graphs of the natural logarithm of cell number per millilitre averaged over both replicates (Fig. 1,  2) . Growth rates for the exponential phase were calculated by least squares regression of the natural logarithm of cell number on day number (Guillard 1973) . If the duration of the exponential growth phase was only 2 or 4 days (i.e., 2 or 3 consecutive samples) the growth rate was calculated as follows:
[log e (N f )-log e (N i )]/(t-t i ), where t and N denote day number and cell number respectively, and f and i indicate final and initial sampling occasions for the exponential growth phase. 
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Separate analyses of variance for the exponential phase growth rates of both D. euchlora and D. salina were completed. The various treatment sums of squares in these analyses were partitioned further into components attributable to linear and higher order effects and, on the basis of this partitioning, polynomial prediction equations for growth rates were constructed.
RESULTS
Graphs of the natural logarithm of cell numbers per millilitre for Dunaliella euchlora and D. salina each averaged over two replicates are presented in Fig. 1 and 2 respectively. Three factor means for the exponential growth phase are given in Table 1 . The results of separate analyses of variance completed for both species are presented in Table 2 . For D. euchlora, the three-factor interaction (temperature X salinity X light), all two-factor interactions, and all main effects are significant at the 0.5% level and beyond. Although interpretation of main effects is often precluded by significant higher-order interactions (Scheffe 1959 ), 89% of the total sum of squares is accounted for by the sums of squares for temperature, salinity, and their interaction (T X S). This indicates that these are probably the most important factors contributing to the observed variation in exponential phase growth rates, for the range of treatment combinations examined. For D. salina, the three-factor interaction, the two, twofactor interactions involving temperature, and the two main effects, temperature and salinity, are significant at the 5% level and beyond. Although the three-factor interaction is significant, 80% of the total sum of squares is accounted for by the sum of squares for temperature and salinity and their interaction alone.
The analyses presented in Table 2 overlook the fact that the three factors (temperature, salinity, and light) have numerical levels. Replacement of sources of variation in the ANOVA tables by polynomial submodels resulted in significant linear and quadratic regressions on levels of temperature and salinity for both species. There was also a significant linear regression of growth rate on levels of light for both species. Dunaliella salina exhibited a significant cubic regression on levels of temperature. Higher-order cross-product terms in the three factors were also significant for both species. Graphical interpretation of such polynomial models in three factors is difficult. As an alternative, separate regression models were constructed for each species and for each level of the least important main effect which, in this instance was light.
Results for separate regressions of exponential phase growth rates on the scaled variables: for each level of light are given in Table 3 . For D. euchlora the regression models fit the data very well with adjusted R 2 values exceeding 0.9 for each level of light. Contour plots of the exponential phase logged growth rates predicted by these models are given in Fig. 3. For 180^Eirr 2 s-' (SO) the predicted maximum is located on the boundary of the region of experimental conditions. This location to the nearest whole degree of temperature and the nearest 10 X 10 3 salinity is 27°C and 120 X 10~3 salinity, and the predicted maximum growth rate with its associated 95% confidence interval is 0.79 + 0.17 (1.14 + 0.25 doublings day 1 )-The contour plot indicates that, for this light level, equal or higher growth rates may be possible with salinities less than 120 X 10~3 salinity and temperatures between 25 and 30°C. For 120 nE nr 2 s 1 (SI) location of the predicted maximum growth rate is c. 24°C and 120 X 10~3. This predicted maximum and its corresponding 95% confidence interval is 0.75 + 0.10 (1.08 + 0.14 doublings day -'). The contour plot for this level of light also indicates that higher growth rates may be possible with salinities less than 120 X 10~3 but at temperatures between 22 and 26°C. At 54 uE m~2 s 1 (S2) the location of the predicted maximum exponential phase growth rate is within the range of experimental conditions and is c. 23°C and 150 X 10 3 . A 95% confidence interval for the predicted growth rate at this location is 0.61 + 0.08(0.87 + 0.12 doublings day 1 ). It should be noted that in the neighbourhood of the maximum, the response surface is rather flat, so that, for example, predicted growth rates between 0.59 and 0.61 occur in a region which extends beyond the rectangle formed by temperatures between 20 and 25°C and salinities between 130 and 170 X 10 3 . For D. salina, the regression models fit the data reasonably well with adjusted R 2 values exceeding 0.76 for each level of light (Table 3) . Contour plots of the predicted exponential phase logged growth rates which arise from these models are presented in Fig. 4 . For 180 uE m 2 s~' to the nearest whole degree of temperature and the nearest 10 X 10~3 the location of the predicted maximum growth rate is 25°C and 200 X 10 3 . A 95% confidence interval for the predicted growth rate at this location is 0.73 + 0.22 (1.05 + 0.32 doublings day 1 )-For 120nEm' 2 s-' (SI) the location of the predicted maximum growth rate is c. 23°C and 150 X 10 3 . A 95% confidence interval for the predicted growth rate at this location is 0.98 ± 0.26 (1.41 + 0.38 doublings day 1 )-At 54 uE m 2 s -' (S2) the location of the predicted maximum is c. 23°C and 130 X 10-3 . A 95% confidence interval for the predicted growth rate at this location is 0.9 + 0.33 (1.32 + 0.48 doublings day 1 ) located close to the lowest salinity examined in this study.
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DISCUSSION
The observed and predicted growth rate of Dunaliella euchlora is highest between 20 and 26°C and in the highest experimental light intensity of 180 uE m* 2 s" 1 , but it is possible that equivalent or higher growth rates may have been achieved in similar conditions of light and temperature at salinities below 120 X 10~3. D. salina, on the other hand, grows most favourably at about 23°C, in 127 uE m 2 s~', and is adapted to salinities above 120 X 10 3 . The range of experimental variables clearly spanned optimum conditions for exponential growth of D. salina but merely approached those (specifically salinity) for D. euchlora. For both species optimal conditions are not sharply denned, as high experimental growth rates occur beyond the recorded or statistically predicted maxima. Hence, optimal conditions for growth occur over a considerable range of temperature, salinity, and light conditions -a feature fully consistent with the harsh and variable environment to which these brine algae are adapted.
Temperature is responsible for the greatest variation in exponential growth of D. euchlora and D. salina followed by salinity and light intensity respectively, and the optimum value for any single variable is dependent on levels of the other two variables. For example, in both species there is a tendency for the optimal temperature for growth to elevate by up to 5°C with increasing salinity between 120 and 260 X 10 3 (Fig. 3, 4) . Results of this work enabled us to predict maximum cell densities obtainable in batch bi-algal cultures for Anemia feed, and harvesting intervals appropriate for a regular laboratory supply. Densities up to 2 X 10 6 cells ml" 1 were achieved in salinities up to 200 X 10 3 and to 6 X 10 6 cells ml" In the salt concentration ponds of Lake Grassmere, the season for optimal growth of both species is coincident with the months of net evaporation when water is pumped or flows by gravity up the salinity gradient . Differing optimal growth conditions during these summer months effectively partition the two species ecologically, with D. euchlora being most abundant in the preliminary concentration ponds, and D. salina dominating the final concentration ponds of high salinity as observed by Knight (1974) . It is, however, difficult for us to relate our experimental results to field conditions with respect to the unmeasured and unknown light intensities which actually penetrate the water column in differing conditions of turbidity. Experimental data indicate that D. salina would have the greatest growth rate from early spring when the water temperature reaches about 14°C, increasing through summer when the water temperature achieves a monthly mean of 22°C , and occasionally reached 31°C in the ponds of higher salinity (Knight 1974) . Growth may be reduced in the preliminary concentration ponds of 120 X 10~3 salinity during summer, but would almost certainly be enhanced over the greater part of the final concentration pond series during these warmer months of December to March. Growth rate of D. euchlora is probably also greatest from spring to summer when the mean water temperature has reached 14°C and beyond. This species, which attains maximum growth rates at higher light intensity than D. salina, would be able to grow optimally in the clear surface water in summer and in the preliminary concentration ponds of 120 X 10~3 and below at that time.
The predicted summer bloom of both D. euchlora and D. salina is consistent with observations made by Oren & Shilo (1982) with respect to growth of D. parva in the Dead Sea where Anemia does not occur. In Lake Grassmere, however, potentially exponential algal growth is suppressed during summer through grazing pressure when Anemia biomass is highest (Wear & Haslett in press a) .
